ABSTRACT We report the study of a novel linear magneto-resistance (MR) under perpendicular magnetic fields in Bi 2 Se 3 nanoribbons. Through angular dependence magneto-transport experiments, we show that this linear MR is purely due to two-dimensional (2D) transport, in agreement with the recently discovered linear MR from 2D topological surface state in bulk Bi 2 Te 3 , and the linear MR of other gapless semiconductors and graphene. We further show that the linear MR of Bi 2 Se 3 nanoribbons persists to room temperature, underscoring the potential of exploiting topological insulator nanomaterials for room temperature magneto-electronic applications.
KEYWORDS: Topological insulator, Bi 2 Se 3 , nanoribbon, linear magneto-resistance, twodimensional transport Topological insulators (TI's) are quantum materials with conducting gapless surface state on the surface or edge of insulating bulk, [1] [2] [3] [4] holding great promises in the fundamental study of topological ordering in condensed matter systems and applications in spintronic devices for the spin polarized surface state. The spin polarization and suppressed back scattering render 2D topological surface state an attractive platform for high mobility charge and spin transport devices. Recently, Bi 2 Se 3 and related materials have been proposed 5 and confirmed [6] [7] [8] as threedimensional (3D) TI's with a single Dirac cone for the surface state. Among these materials, Bi 2 Se 3 , which is a pure compound rather than an alloy like Bi x Sb 1-x , 9 owns a larger bulk band gap (0.3 eV), and is thought to be promising for room temperature applications. Although the existence of topological surface state in Bi 2 Se 3 has been established by surface sensitive techniques such as the angle-resolved photoemission spectroscopy, 6, 7 extracting the transport properties of 2D surface state in 3D TI's has been plagued by the more dominating conductivity from bulk carriers. [10] [11] [12] [13] [14] [15] [16] [17] [18] With extremely high surface-to-volume ratio and thus larger surface contribution in transport, nanostructures of TI's are useful to distinguish 2D surface transport from 3D bulk transport in the heated study of topological surface state. Indeed, Aharonov-Bohm (AB) oscillations were discovered in Bi 2 Se 3 nanoribbons in the parallel magnetic field induced MR, proving the existence of a coherent surface conducting channel. 10 In this study, we explore the magneto-transport phenomena in Bi 2 Se 3 nanoribbons in magnetic field perpendicular to the surface of nanoribbons and uncover a novel linear MR effect which is only sensitive to the perpendicular component of the magnetic field (B) and absent in parallel field. This 2D magnetotransport induced linear MR is weakly temperature dependent and survives at room temperature, suggesting the possibility of using 2D topological surface transport in room temperature magneto-electronic applications.
RESULTS AND DISCUSSION Pure Bi 2 Se 3 nanoribbons are synthesized in a horizontal tube furnace via the vaporliquid-solid mechanism with gold particles as catalysts, similar to literature. 10, 11 Typical Bi 2 Se 3 nanoribbons have thickness ranging from 50-400 nm and widths ranging from 200 nm to several µms, as shown in the scanning electron microscope (SEM) image in Figure. 1a. Transmission electron microscope (TEM) image demonstrates that nanoribbons have smooth side walls and flat surfaces, as shown in Figure. 1b for a 200 nm wide nanoribbon. Energy dispersive X-ray spectroscopy (EDX) analyses reveal uniform chemical composition with a Bi/Se atomic ratio about 2:3, indicating the stoichiometric Bi 2 Se 3 . High-resolution TEM imaging and 2D Fourier transformed electron diffraction measurements in Figure. The resistance R of nanoribbon sample #1 as a function of magnetic field B is shown in Figure. 2a at temperature T=2 K. This sample was mounted on a rotating stage such that its surface (a-b plane) could be tilted in magnetic field by an arbitrary angle  ( Figure.2b inset) . Using atomic force microscope (AFM), we measured a sample width of 560 nm and thickness of 100 nm for this nanoribbon. In perpendicular magnetic field ( =0), the sample exhibited the largest magneto-resistance which is positive and becomes very linear above a characteristic field of 1-2 Tesla. This MR gradually decreased when sample was tilted away from perpendicular configuration and eventually became almost negligible in the parallel magnetic field configuration ( =90º). It has been known for long time that regular metals exhibit quadratic MR 
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Therefore, observing a nonsaturating linear MR in strong magnetic field is interesting in both the fundamental magnetotransport phenomena and magnetic sensor applications. 19, 22 Very recently, a linear MR was observed in low-doped Bi 2 Te 3 crystal flakes which showed 2D surface state transport. 18 It is thus encouraging that linear MR is now also observed in topological insulator Bi 2 Se 3 nanoribbons directly grown from chemical synthesis, in which case the materials can be grown and assembled in large scale for scaled up nanoelectronics applications. 23 The nature of this linear MR in Bi 2 Se 3 nanoribbons is the focus of this paper.
In the electrical transport study of topological insulator Bi 2 Se 3 or Bi 2 Te 3 , it is important to distinguish the 3D transport due to bulk carriers from the 2D surface state transport since the Se or Te vacancies may induce high electron concentration and push the Fermi level into the bulk conduction band. One standard way to check if the magneto-transport is 2D or 3D is the angular dependence of the magneto-transport. 13, 14, 18 For 2D surface state transport, the magnetotransport will only respond to the perpendicular component of the magnetic field
 . In Figure. 2b, we show the resistance of sample #1 as a function of rotation angle when the sample was rotated in 9 Tesla magnetic field at 2 K (inset). The measured   R  dependence is seen to have wide peaks around the perpendicular field configuration ( =0º, 180º) and dips with cusp around the parallel field configuration ( =90º, 270º). In fact, the experimental data have an excellent agreement with the functional form   cos  (red line in Figure.2b ). This suggests that the sample is only responsive to the perpendicular component of B at arbitrary tilt angle and thus the linear MR is a 2D magneto-transport effect.
In the strongest perpendicular magnetic fields,   R B of sample #1 showed weak oscillations on top of the linear MR. These are Shubnikov de-Haas (SdH) oscillations due to the formation of quantized energy levels (Landau Levels) of orbital motions of electrons. We analyze SdH oscillations in another sample (#2) in which these oscillations are more pronounced to extract the carrier density and further demonstrate the 2D nature of Fermi surface. Sample #2 had width of 300 nm and thickness of 25 nm as measured by AFM. Figure.3a shows the R vs. B from zero to 9 Tesla of sample #2 at various tilt angles. The sheet resistivity  is shown on the right side of y-axis, after taking into account the ratio between the length and width of nanoribbon. Similar to sample #1, in perpendicular field, a linear MR was observed above ~1 Tesla. At high fields, the sample exhibited clear SdH oscillations which disappeared quickly once the sampled was tilted away from perpendicular configuration. In parallel field configuration, the MR is negligible, similar to the sample #1. Note that for this experiment, the sample was rotated in the way that the in-plane magnetic field was parallel to the current at  =90º ( Figure.3c inset) , in contrast to the rotation scheme for sample #1. However, the magneto-transport effects are qualitatively the same. This leads us to believe that the surface state on side walls of Bi 2 Se 3 nanoribbons has low mobility and do not contribute much to the observed MR.
To analyze the SdH oscillations, we subtract the linear MR background from the raw   R B data in Figure. 3a and the residual oscillatory part of the MR is shown in Figure. 3b for  =0º, 10º, 22º, 35º (from top to bottom curve). As can be seen, when the sample was tilted, the SdH oscillations move to higher field and eventually our magnetic field (9 T) is not large enough to track the SdH oscillations at  >35º. By comparing the magnetic field values at the SdH dips we could assign the Landau Level filling factor  to be 7 and 8 for the two dips observed at 7.7 and 6.9 Tesla at  =0. In Figure. 3c, we plot the positions of  =7 and 8 against the tilt angle  as sample is tilted away from the perpendicular orientation. The four data points for  =8 dip are seen to follow the   1 cos  function nicely. For  =7, the dip was only observable at  =0º, 10º, 22º, and moved outside our field range (9 T). However, we infer its position at  =35º by multiplying the  =8 dip position with 8/7. This inferred value together with the three points at lower tilt angle also obeys the   
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. In such case, it is more useful to directly compare the magneto-resistance data with the known SdH oscillation of 2D electrons and a nonzero Berry's phase would manifest as a phase shift in the oscillations. 25 The general expression for SdH oscillation is
In Eq.1, However, extracting Berry's phase from SdH of surface state in Bi compound topological insulators is complicated as the application of magnetic field itself may have influence on the value of  . 18, 27 Therefore, a more systematic study on samples with higher mobility in higher magnetic fields (so there are more SdH oscillations) is needed to clarify the Berry's phase effect Now let us turn back to the main finding of the paper: the linear magneto-resistance induced by 2D magneto-transport. Due to the 2D nature of this linear MR and the associated SdH oscillations, it is likely that this linear MR is intrinsically tied to the 2D Dirac electrons occupying surface state. It would be curious if such surface state magneto-transport can be exploited at high temperature (e.g. room temperature) relevant for device applications. We found that raising temperature to room temperature does not have significant influence on the linear MR as shown in Figure. 4. In Figure. 4a, where the MR of sample #2 is plotted at various T from 2 K to 300 K, one sees that the linear MR at B  >1 T remains unchanged. At the same time, parallel magnetic field induces negligible MR, as shown by the data at T=2, 150, 300 K. Angular dependence of MR suggests that the MR is a 2D response over the whole temperature range from 2 K to 300 K, as illustrated by the good agreement between experimental resistance vs. tilt angle data at 9 Tesla and the cos( )  function in Figure. 4b.
Since both the bulk conduction and surface conduction contribute to the total conductance in Bi 2 Se 3 crystals, it is more appropriate to discuss conductance G instead of resistance in a quantitative analysis. In Figure. 4c, we show G vs.  at 2 K, 150 K, and 300 K by inverting resistance data in Figure. 4b. It can be seen that the function -cos( )  also matches   G  very well. Therefore, the magneto-transport effect we report has 2D nature and is robust from 2 K to room temperature in the magneto-conductance picture. However, due to the increased resistance at high temperatures from phonon scattering, the magneto-conductance at 300 K is nearly ten times smaller than 2 K. This is reasonable given that the thermal energy scale at 300 K already exceeds the maximal cyclotron energy in the measurement of total resistance at different T. Yet due to the striking robustness of linear MR against raising temperature and the importance of MR in magneto-electronic device applications, here we emphasize the MR instead of magnetoconductance in this paper. We suggest that this linear MR could be exploited in magnetoelectronic device operation over wide temperature range and its magnitude is likely to become larger once the nanoribbon crystal quality and mobility improve. 
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This is not the case here for Bi 2 Se 3 . The existence of a linear MR for small bandgap semiconductor could have a quantum 20, 28, 29 or classical origin. 19, 22 To explain the linear MR down to very low fields in silver chalcogenides, 19 Abrikosov first proposed a model based on the quantum-MR 28, 29 for systems with gapless linear dispersion spectrum. 28 It is believed that such gapless linear dispersion may apply for silver chalcogenide or other small bandgap semiconductors with strong inhomogeneity. 20, 28 Abrikosov's linear quantum-MR was originally developed at the extreme quantum limit /Vs is an underestimate) and SdH oscillations start to appear. However, there are clearly more than one Landau levels occupied in our sample in the field range where linear MR was observed. This does not exclude the linear quantum MR as the explanation for our data though, since previous experimental study on polycrystal InSb showed that the linear quantum-MR could appear at much lower field with more than one Landau levels filled. 20 Graphite and epitaxial graphene are also known to exhibit linear MR. [30] [31] [32] [33] The linear MR in epitaxial graphene was found to persist to room temperature and interpreted as Abrikosov's linear quantum-MR. 33 However, in order to fully reconcile our experimental data with the linear quantum-MR, further theoretical study is required to understand the fate of linear quantum-MR at high temperatures where B c k T
Without invoking the linear dispersion spectrum, Parish and Littlewood suggested a classical origin for linear MR in which the MR is a consequence of mobility fluctuations in a strongly inhomogeneous system. 22 For our Bi 2 Se 3 nanoribbons, the single crystal quality and small length scale of the device rule out the strong physical inhomogeneity of sample surface (AFM imaging also showed only a few quintuple layer step edges over the 1µm length of nanoribbon). However, we can not exclude the possibility of strong electronic inhomogeneity being responsible for the linear MR in our Bi 2 Se 3 nanoribbon. Electron and hole puddles and charge inhomogeneity have been observed in high quality graphene samples via local probe techniques, 34, 35 it is quite reasonable that such spatial inhomogeneity of carriers can also exist for gapless surface state on topological insulators. CONCLUSION In summary, we report a linear MR induced by 2D magneto-transport in chemically synthesized nanoribbons of topological insulator Bi 2 Se 3 . When the magnetic field is parallel to the surface of nanoribbon (a-b plane), the MR effect is negligible compared to the MR in perpendicular magnetic fields. Angular dependence of the MR showed an exact |cos()| dependence at arbitrary angle, illustrating the 2D origin of linear MR. Angle dependent SdH oscillations also suggest the existence of 2D Fermi surface. These results suggest that the linear MR is likely related to 2D surface state conduction. 36 Furthermore, it is striking that this 2D magneto-transport induced linear MR persists at room temperature, underscoring the potential of exploiting 2D topological surface state for magneto-electronic device application over broad temperature range. METHODS Bi 2 Se 3 nanowires and nanoribbons synthesis and characterization. Pure Bi 2 Se 3 nanowires and nanoribbons are synthesized in a single zone horizontal tube furnace (Lindberg/Blue M) via the vapor-liquid-solid mechanism with gold nanoparticles as catalysts, similar to literature. 10, 11 Bi 2 Se 3 powder is placed and evaporated at the center of a one-inch diameter quartz tube fitted inside the tube furnace to provide the Bi/Se vapor. Silicon (100) substrate functionalized with 10 nm gold nanoparticles (Sigma Aldrich) is placed at the downstream of the Bi/Se vapor flow and used as the wafer supporting the nanowire or nanoribbon growth. Prior to nanoparticle functionalization, silicon substrate was functionalized with 0.1% w/v aqueous poly-L-lysine solution (Ted Pella) to promote the linking of gold nanoparticles to substrate surface. Before nanoribbon growth, the system is pumped to a base pressure of 5 mTorr (limited by the mechanical pump) and flushed with Ar/H 2 (10%) gas. Bi 2 Se 3 powder (99.999% from Alfa Aesar) is evaporated at 680 ºC under the pressure of 200 Torr in 100 sccm flow of Ar/H 2 (10%). Typical growth time is 1.5 to 2 hours. After the system cools down, the silicon substrate is covered with a gray coating layer, which consists of Bi 2 Se 3 nanowires and nanoribbons.
The field-emission gun SEM HITACHI S4500 is used to characterize the morphology of synthesized Bi 2 Se 3 nanoribbons. The crystal structure and chemical composition of the Bi 2 Se 3 nanoribbons are characterized by a 300 KV field-emission gun energy-filtering high resolution scanning transmission electron microscope (HRTEM) TECNAI F30, and energy-dispersive Xray spectroscopy (EDX) equipped in the TEM.
